Rare-earth platinum bismuth (RPtBi) has been recently proposed to be a potential topological insulator. In this paper we present measurements of the metallic surface electronic structure in three members of this family, using angle resolved photoemission spectroscopy (ARPES). Our data shows clear spin-orbit splitting of the surface bands and the Kramers' degeneracy of spins at theΓ andM points, which is nicely reproduced with our full-potential augmented plane wave calculation for a surface electronic state. No direct indication of topologically non-trivial behavior is detected, except for a weak Fermi crossing detected in close vicinity to theΓ point, making the total number of Fermi crossings odd. In the surface band calculation, however, this crossing is explained by another Kramers' pair where the two splitting bands are very close to each other. The classification of this family of materials as topological insulators remains an open question.
I. INTRODUCTION
The discovery of topologically non-trivial states of matter opens up a new realm of knowledge for fundamental condensed matter physics. Unlike conventional materials, these "topological insulators" exhibit metallic surface states that are protected by time reversal symmetry, while maintaining an insulating bulk electronic structure. This leads to a variety of novel properties including odd number of surface Dirac fermions, strict prohibition of back-scattering, etc., paving the way to potential technical breakthroughs in e.g. quantum computing process via the application of spintronics 1, 2 . Recently, extensive theoretical and experimental efforts have led to the realization of such fascinating behaviors in e.g. the HgTe quantum wells [3] [4] [5] , the Bi 1−x Sb x system 6-8 and the Bi 2 X 3 (X = Te, Se) binary compounds 9, 10 . Numerous half-Heusler ternary compounds have been proposed, theoretically, to be potential new platforms for topological quantum phenomena 11, 12 , where the inherent flexibility of crystallographic, electronic and superconducting parameters provide a multidimensional basis for both scientific and technical exploration. The experimental determination of their topological class would set the basis for possible spintronic utilization and further studies on the interplay between the topological quantum phenomena versus e.g. the magnetic 13 , superconducting 14 and heavy Fermionic 15 behaviors.
Theoretically, the topological insulators experience a gapless surface state protected by time reversal symmetry and thus are robust against scattering from local impurities. Such a surface state is "one half" of a normal metal in that the surface bands are strongly spinpolarized, forming a unique spin helical texture 7, 16 . On the other hand, the Kramers' theorem requires that the spin be degenerate at the Kramers' points -k-points of the surface Brillouin zone where time reversal symmetry is preserved 17 . At the interface between, say, a normal spin-orbit system and vacuum, the spin-polarized surface bands connect pairwise (Kramers' pair), crossing the chemical potential µ an even number of times between two distinct Kramers' points. At the interface between a topologically non-trivial material and vacuum, however, one expects the surface bands to cross µ an odd number of times 1 . In this paper we present a systematic survey on the surface electronic structure of half-Heusler compounds RPtBi (R = Lu, Dy, Gd) using angle resolved photoemission spectroscopy (ARPES). Our results show clear spin-orbit splitting of the surface bands that cross the chemical potential, which is nicely reproduced in the fullpotential augmented plane wave calculation for a surface electronic state. The Kramers' degeneracy of spin is unambiguously detected at both theΓ andM points. No direct indication of topologically non-trivial behavior is detected, except for the fact that there is a weak Fermi crossing in the close vicinity to theΓ point, making the total number of crossings five. In the surface band calculation, however, this inner crossing is explained by two spin-orbit splitting bands that are very close to each other, forming another Kramers' pair. In this band configuration, the total Berry phase would be zero for the half-Heusler systems, and they would not be topologically non-trivial. The detailed topological class of this family of materials thus remains an open question, requiring a detailed spin-resolved ARPES study with ultrahigh momentum resolution and a direct calculation of the topological invariants based on the first principle band structure.
II. EXPERIMENTAL
Single crystals of RPtBi (R = Lu, Dy, Gd) were grown out of a Bi flux and characterized by room temperature power X-ray diffraction measurements 13, 18 . The crystals grow as partial octahedra with the (111) facets exposed. Typical dimensions of a single crystal are about 0.5 × 0.5 × 0.5 mm 3 . The ARPES measurements were arXiv:1101.1261v1 [cond-mat.str-el] 6 Jan 2011 performed at beamline 10.0.1 of the Advanced Light Source (ALS), Berkeley, California using a Scienta R4000 electron analyzer. Vacuum conditions were better than 3 × 10 −11 torr. All ARPES data was taken at T = 15 K, above the magnetic ordering temperatures of all compounds 13 . The energy resolution was set at ∼ 15 meV. All samples were cleaved in situ, yielding clean (111) surfaces in which atoms arrange in a hexagonal lattice. High symmetry points for the surface Brillouin zone are defined asΓ(0, 0),
where a is the lattice constant for each type of crystals. We emphasize here that no stress or pulling force is felt by the samples, which ensures that the measured data reveals the intrinsic electronic structure of the single crystals.
III. RESULTS AND DISCUSSION
We begin this survey in Fig. 1 by showing the Fermi maps of the three half-Heusler compounds RPtBi (R = Lu, Dy, Gd). Previous theoretical calculations for the bulk electronic structure 11, 12, 19 suggested that the Kramers' crossing at theΓ point happens very close to µ; the Fermi surface reduces to a single point (Dirac point) atΓ. The data in Fig. 1 shows that, at least in the (111) cleaving plane, this is not the case. Instead there are several bands crossing µ in the vicinity of both thē Γ andM points. The overall Fermi surface for all three half-Heusler compounds are similar, indicating a similar cleaving plane and band structure for all members. By comparing the band structure measured at the (111) surface with results of band calculations for GdPtBi (Fig.  2) , we find the cleaving plane to be Bi(111), marked by a red parallelogram in Fig. 1(a) . A closer look at the two brightΓ pockets is hexagonal in shape, reminiscent of the hexagonal shape of the Dirac cone in Bi 2 Te 3 (Ref. 10 ), which is explained by higher order terms in the k · p Hamiltonian 20 . This hexagonal shape is very nicely reproduced in the calculation [ Fig. 2(b) ]. For clarifying the topological class of the half-Heuslers, two immediate questions follow the observations in Fig. 1: (1) Are the observed bands actually arising due to the sample surface? (2) Exactly how many times do the bands intersect the chemical potential along theΓ-M line segment? Fig. 2 shows the comparison between the ARPES data and a calculational surface state in GdPtBi. For both the band structure and Fermi surface calculation, we used a full-potential linear augmented plane wave (FPLAPW) method 21 with a local density functional 22 . The crystallographic unit cell is generated such that the (111) direction of the fcc Brillouin zone points along the zaxis. For calculation of the surface electronic structure, supercells with three unit cell layers and a 21.87 a.u. vacuum is constructed. We calculated band structures of all six possible surface endings (Gd-Bi-Pt-bulk, Gd-Pt-Bibulk, Bi-Gd-Pt-bulk, Bi-Pt-Gd-bulk, Pt-Gd-Bi-bulk, PtBi-Gd-bulk); only the Bi-Pt-Gd-bulk construction shows good agreement with experiment [ Fig. 2(b), (d)-(f) ]. Structural data were taken from a reported experimental result 23 . To obtain the self-consistent charge density, we chose 48 k-points in the irreducible Brillouin zone, and set R MT × k max to 7.5, where R MT is the smallest muffin-tin radius and k max is the plane-wave cutoff. We used muffin-tin radii of 2.5, 2.4 and 2.4 a.u. for Gd, Bi, and Pt respectively. For the non-magnetic-state calculation valid for comparison with ARPES results at 15 K, the seven 4f electrons of Gd atoms were treated as core electrons with no net spin polarization. The atoms near the surface (Bi, Pt, Gd) were relaxed along the zdirection until the forces exerted on the atoms were less than 2.0 mRy/a.u.. With this optimized structure, we obtained self-consistency with 0.01 mRy/cell total energy convergence. After that, we calculated the band structure and two dimensional Fermi surface in which we divided the rectangular cell connecting fourK-points by 40 × 40, yielding 1681 k-points.
Even at first glance, Fig. 2 gives the impression of remarkable agreement between theory and experiment. All basic features observed by ARPES -the overall shape and location of the Fermi pockets [ Fig. 2(a)-(b) ], the binding energies of the bands [ Fig. 2(c)-(d) ] -are well reproduced by the calculation. The main point of this figure, however, is the fact that band calculations show a total of six Fermi crossings along theΓ-M line segment, which is an even number and is not directly consistent of the proposed strong topological insulating phenomenon 11, 12 . It should be noted that, in order to take into account the spin-orbit splitting, relativistic effects are applied to the calculation. Similar calculations reproduce clear topological insulating behavior in Bi 2 Te 3 thin films 24 . The excellent agreement shown in Fig. 2 also implies the validity of such calculation in half-Heusler compounds. In fact traces for the inner two crossings is also found in the ARPES data, where they appear to be one single crossing, most likely due to finite momentum resolution [Leftmost part in Fig. 2(c) , see also Fig. 3(d)-(h) ].
In Fig. 3 we prove that the observed bands come from the sample surface. This is done by scanning the incident photon energy along bothΓ-K andΓ-M high symmetry directions. Varying the photon energy in ARPES effectively changes the momentum offset along the direction perpendicular to the sample surface. In our case, this Fig. 4(e)-(f) we show the linear extrapolation of the two brighter bands. In GdPtBi they are likely to reduce to a Dirac point at about 0.4 eV above µ. If the total number of crossing is four, such a configuration will give zero contribution to the total Berry phase.
In Fig In summary, we performed an ARPES survey on the electronic structure of three half-Heusler compounds RPtBi (R = Lu, Dy, Gd) which are proposed to be topological insulators. Our result show unambiguously that these materials have a metallic surface state markedly different from the calculational result on the bulk electronic structures. This surface state is reproduced with high accuracy in our band calculations. Both experiment and theory reveal several bands that cross the Fermi level. Knowledge of the exact number of these bands is possibly limited by experimental momentum resolution. No direct consistency with the proposed strong topological insulating behavior is found in the ARPES results. For final determination of their topological classes, both an APRES measurement of ultrahigh k-resolution and a direct calculation of the first Chern number as a topological invariant 25 are in need.
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